Background: Wound dehiscence, infection, and necrosis of tendon and overlying skin are severe complications after open repairs of Achilles tendon. A simultaneous reconstruction should be provided in a single stage operation. We evaluated the outcomes of one of the possible options: the radial forearm free flap with Flexor Carpi Radialis (FCR) tendon. Methods: Between 2006 and 2014, six patients affected by infection and necrosis after Achilles tendon open repair underwent multi-tissutal reconstruction by a composite radial forearm free flap including a vascularized FCR tendon. The mean skin and tendon defect was respectively 9.8 cm 3 4.7 cm and 6.5 cm. After reconstruction, patients underwent clinical examination, including the Achilles Tendon Total Rupture Score (ATRS) questionnaire, DASH score, MRI study, and a computer-assisted gait analysis. Results: All flaps survived and no complications were recorded. Full weightbearing was allowed within 2 months after surgery. The mean follow-up was 36.2 months (range 12-96). MRI showed an optimal reconstruction of the tendon. Range of motion was minimally reduced if compared to the contralateral side. Gait analysis showed the recovery of a nearly symmetrical stance phase, time to heel off, and step length of the gate. ATRS and DASH score improved to a mean value of 85.2 (range 83-88) and 8.0 (range 3-15) respectively. Conclusions: This procedure provided an anatomical reconstruction of the Achilles tendon and skin achieving good and objective functional results; donor site morbidity was limited to the sacrifice of the radial artery, which, in our opinion, is a minor drawback if compared to the quality of the results. V C 2015 Wiley Periodicals, Inc. Microsurgery 35:608-614, 2015.
The incidence of acute Achilles tendon ruptures is increasing, probably following the arising diffusion of high demanding sports among inadequately trained middle-aged persons. [1] [2] [3] The open surgical repair of the tendon represents the gold standard; however, it is associated with significant rates of complications. 4 The most common complication is the wound dehiscence, which may be followed by infection, skin necrosis, exposure, and eventually necrosis of Achilles tendon. 5 In such circumstances, a complex reconstructive surgery may be necessary in order to achieve a healthy skin coverage and a reliable reconstruction of the tendon. For the reconstruction of the Achilles tendon only, tenoplasty is a non-available option for large defects. Tendinous allografts and autologous non-vascularized tendon graft may be an alternative, but with some concerns in treating an infected complex defect by means of non-vascularized tissues. Several authors have recently reported the use of pedicled and free flaps as a solution for a multilayer reconstruction associated with good clinical outcomes. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Among them, Stamate et al. 16 in 1998, and then
Coşkunol et al. 17 in 2005 reported their experience respectively in two and one case using a free radial forearm flap augmented with a vascularized tendon of Flexor Carpi Radialis (FCR) muscle. Since 2006 we have been using the same technique with satisfactory results and the aim of this article is to report the functional outcome in a homogeneous series of six patients.
PATIENTS AND METHODS
Between 2006 and 2014, six patients affected by complications after an open repair following an Achilles tendon rupture were selected for a simultaneous reconstruction of tendon and the overlying skin by a free radial forearm flap including the FCR tendon. The local Institutional Board approved the study and follow-up (FU), based on the principles of the Declaration of Helsinki after an adequate informed consent. Since our analysis of results was based on the comparison with the contralateral limb, only patients without comorbidities at the contralateral extremity were included in this report. Inclusion criteria were: dehiscence of the surgical wound complicated by infection and skin and/or tendon necrosis following an open repair of Achilles tendon. Patients with a bilateral involvement of Achilles tendons and a previous surgery in any joint of the lower limbs were excluded in order to avoid bias. We also excluded 1 patients with neurologic impairments so as not to alter the gait analysis.
The characteristics of enrolled patients are shown in Table 1 .
Five patients were male and one female. The mean age was 51.33 years (range 37-65). Several general comorbidities were found in the study population: one female patient with hypothyroidism, one male patient by hypertrophic cardiomyopathy in treatment with betablockers, and one male patient with hypertension and diabetes mellitus. After the dehiscence followed by skin and tendon necrosis, the tendon defect was located at the middle third in three patients and at the distal third in three patients, thus involving the insertion to calcaneous bone.
Surgical Technique
An Allen test and a Doppler ultrasound study of the donor site and of the recipient site were performed on all patients before surgery to verify the expendability of the radial artery and of the recipient vessels. We chose always the non-dominant side as donor site.
Under general anesthesia, the patient was placed in a supine position and tourniquets were applied in the donor upper limb and the recipient lower extremity. The hip of the affected limb was fully extrarotated and the knee flexed at 90 degrees. This position allowed for a relatively easy approach to the Achilles tendon and for the dissection of the posterior tibial vessels, which were usually selected as the recipient vascular bundle. The donor limb was placed on a table, abducted at 90 degrees, and fully supinated. Two surgical teams proceeded to the harvest of the free radial forearm flap and the debridement of the Achilles tendon respectively according to "oncological" principles that is radical excision up to healthy tissue (Fig. 1) .
The mean skin defect and the mean tendon defect, resulting after surgical debridement, was respectively 9.8 cm 3 4.7 cm (range 7-12 3 4-5.5), and 6.5 cm (range 4.5-8).
A template of the skin loss was used to design the forearm flap, which was harvested based on the radial artery (Fig. 2) . During the harvest, great attention was paid in preserving the fascia surrounding the FCR tendon and its septa, and protecting the perforators raising from the main vascular axis. This guaranteed a physiological gliding channel for the tendon preserving its blood supply. Once the harvest was accomplished, the flap was transferred to the recipient site where the second team had already provided to expose and dissect the posterior tibial vascular bundle under loupe magnification. The reconstructive technique differed according to the location of the defect: in case of an intercalary defect of the Achilles tendon at the middle third (three cases), the distal tail of FCR was woven into the residual distal stump of the tendon and then rerouted proximally, possibly up to the proximal stump of Achilles tendon. The two tails of FCR were then sutured in appropriate tension with non-resorbable sutures to the recipient tendon (Fig. 3 ). In case of distal defect (three cases), a transosseous tunnel was obtained from the medial to the lateral aspect of the calcaneous bone at the level of the physiological insertion of the Achilles tendon and the distal tail of FCR was pulled out the tunnel and then rerouted proximally toward the proximal stump as above described (Fig. 4) . In both cases, the mechanical strength of FCR was probably doubled and the junction with the recipient tendon and/or bone was extremely reliable. The skin was then partially sutured and microvascular anastomosis performed either end-to-end or end-to-side to the posterior tibial artery and venae comitantes.
The limb was then protected with a nonweightbearing below-knee plaster cast with the ankle plantar flexed at 30 degrees for 30 days. After this period, a rehabilitation program started with the aim of allowing a full weightbearing in a period ranging between 2 and 3 months according to the features of the patient.
Patients were invited for medications and suture removal, and then periodically controlled. Four months after surgery patients underwent an ultrasound study to check the reconstructed tendon. Eight months after surgery patients were asked to undergo a MRI study.
At a variable FU functional assessment and basic time-distance gait parameters were tested. All values were compared to the contralateral side. Local complications and the morbidity in the donor site were recorded, including evaluation by the Disability of Arm, Shoulder and Hand (DASH) 18 score. 
Functional Assessment
To evaluate injury-specific and patient-reported outcome, we used the Achilles tendon Total Rupture Score (ATRS). [19] [20] [21] The ATRS ranges from 0 to 100; a lower score indicates greater limitations to physical activity and more symptoms.
Functional assessment of Achilles tendon was measured by passive ankle-dorsiflexion range of motion (ROM) with the extended and flexed knee using a standard manual goniometer as proposed by Fong et al. 22 For the extended-knee assessment, patients were seated on a table with the knees fully extended (0 degrees) and the feet hanging off the end of the table. For the flexed-knee assessment, they were seated with the popliteal space at the edge of the table and the knees in 90 degrees flexion. The dorsiflexion was obtained applying a force over the plantar aspect of midfoot and forefoot, and placing the axis of a standard goniometer over the lateral calcaneus, aligning the stationary arm with the fibular head and the moving arm along the midline of the fifth metatarsal.
Basic Time-Distance Gait Parameters
A resistive pressure platform BTS P-Walk (BTS Engineering, Italy) embedded in the ground flush with the floor surface and collecting at 50 Hz was used to collect basic time-distance gait parameters during barefoot walking at a self-selected speed. 23, 24 We used baropodometric acquisition of "midgait" protocol already described by MeyersRice et al. 25 in 1994, walking pace with a comfort. The resolution of this system was 1 sensors/cm 2 , and the sensor area of the platform measured 1,920 mm 3 480 mm, with a total of 9,216 sensors, and a pressure range of 30-400 kPa. Five trials were collected for both the left and right foot, a sufficient number of trials for the attainment of reliable within-session data as proposed by Hughes et al. 26 All subjects were given time to familiarize themselves with the process of walking over the platform. Subjects were asked to not look at the platform as they walked but instead to walk "normally" and not to be concerned with the platform. If a subject obviously aimed at the platform and altered the gait pattern to ensure full contact, the trial was not included for further analysis.
We assessed at the first basic time-distance gait parameters: the stance phase, the time to heel off, and step length. The time of hell off were normalized as a proportion of the stance phase to exclude increases the ankle dorsiflexion ROM caused by speed.
Step length of the gait cycle was normalized to the ipsilateral limb. All measurements were obtained following the method used by Titianova et al. 27 Each measurement was given as the average difference percentage between the injured side and the contralateral limb.
RESULTS
All skin flaps survived and provided an effective coverage of the Achilles tendon. There was no recurrence of infection and wound dehiscence. No complications were recorded at either the recipient or the donor site.
The mean FU was 36.2 months (range 12-96). Functional postoperative results are shown in Table 2 .
All patients showed the recovery in average of 45.3 degrees (range 42-52) of plantar flexion at the time of the suture removal. Patients were able to walk with a full weightbearing on the reconstructed limb within a mean time of 2.2 months (range 2-3) after surgery (Fig. 5) and they gradually improved during the following months. ATRS questionnaire values showed a satisfactory recovery of the function in physical activities with a mean score of 85.2 points (range 83-88) at last FU ( Table 2 ). All patients reported a return to their daily and working activities within 12 months after surgery. Five out of six patients needed a small size split thickness skin graft at the donor site after a mean time of 7.1 days (range 7-9) of vacuum therapy to improve the granulation tissue and reduce the cosmetic impact on the forearm. DASH score values relating to the donor extremity resulted with a mean value of 8.0 points (range 3-15) with no significant functional impairment complained by patients. The MRI study at 8 months FU showed a nearly normal shape of the reconstructed tendon without interruptions, and the fusion between the two segments of FCR reaching in size the original Achilles tendon (Fig. 6) .
The average difference percentage between the injured side and contralateral limb in passive ankle dorsiflexion was 5.41% (range 3.14-6.72%) with the knee extended and 6.32% (range 5.88-6.92%) with the knee flexed ( Table 2 ). These differences were equivalent to less than 4 degrees of ROM (Fig. 7) . The recovery of a nearly normal ROM helped to achieve a more symmetrical stance phase, time to heel off, and step length of the gait. The average difference percentage between limbs was only 3.87% (range 2.1-5.01%) in stance phase, 3.92% (range 2.74-5.11%) in time to heel off, and 5.27% (range 4.57-6.05%) in step length (Table 2) .
DISCUSSION
Complications after reparative procedure for an Achilles tendon rupture are not rare. 4 In these conditions, the optimal reconstructive procedure should follow the leading paradigm in plastic surgery: "repair like with like". This concept is particularly true when two tissues, namely skin and tendon, with two different functions (coverage and motion) need to be simultaneously reconstructed.
In dealing with this type of defect, skin coverage with vascularized flap and non-vascularized reconstruction of the tendon may be an option. For the latter, prosthesis, allograft, and autologous tendon graft are the alternatives usually adopted by orthopedic surgeons. However, tendon prosthesis and allograft are very sensitive to infection and are unlikely to be colonized by cells of the host. Autologous non-vascularized tendon grafts are probably a better option, although biologically and biomechanically not comparable with autologous vascularized tendon grafts: vascularized tendon grafts exhibit several advantages, experimentally demonstrated, 28, 29 including a decreased likelihood to develop adhesion. In addition, thanks to the union of the tendon junction, rehabilitation can be started sooner than with conventional tendon grafts.
A composite vascularized flap, able to provide healthy tissues to simultaneously reconstruct both tendon and skin, may be a logical alternative. Several donor sites able to offer vascularized skin and tendon are available, and different flaps have been addressed in literature. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The advent of propeller flaps and their reliability increased the value of pedicled flaps in the coverage of Achilles tendon region, providing healthy local skin to reconstruct an anatomical area, which very few, if any, conventional fasciocutaneous or muscle flaps were able to cover. However, in some cases, the perforators are not reliable and the quality of the skin may be affected by local factors such as edema, infection, and vascular diseases.
Although local flaps are unlikely to meet all the reconstructive requests, Wei et al. 6 reported satisfactory results using a composite perforator flap based on the ipsilateral posterior tibial artery in three cases. Similar results were reported by Zheng et al. 7 using a peroneus brevis transfer and sural flap in 10 cases.
However, in the majority of cases, the aggressive debridement, which is recommended in case of necrotic and infected tissue, lead to wide defects which may be more reasonably reconstructed by means of distant flap from the injured leg. Several free flaps, including lateral arm, 9,10 gracilis, 11 anterolateral tight (ALT) flaps, 12, 13 tensor fascia lata, 14 rectus femoris, 15 and radial forearm 16, 17 were used in limited series of patients. All mentioned reports showed substantially good results in terms of flap survival and functional recovery, however in none of them was reported an objective evaluation of the outcome or a comparison with the contralateral leg.
In the present report, we described our experience in six cases of Achilles tendon region reconstruction, after complications of a previous repair, by a free radial forearm flap including a vascularized FCR tendon.
The advantages of this flap are a thin and pliable skin, very similar to that of the Achilles tendon region, and the presence of a long and reliable tendon. In addition, perforators raising from the radial artery provide a predictable and dependable blood supply to both skin and tendon. Despite the fact that in the international literature we can find several papers on the possibility of using the "Chinese flap" as a compound flap with vascularized tendons, there is no anatomical study targeted to examine the blood supply of FCR tendon in relation to its harvest together with the radial forearm flap. We conducted an anatomical study in this regard and our preliminary results appeared interesting, especially for the constant identification of an independent blood supply for the FCR tendon sheath (Fig. 8) .
Morbidity in the donor site was limited to the sacrifice of the radial artery and uncosmetic scar in case of skin graft, which, in our opinion, are a minor drawback if compared to the quality of the results.
From functional and biomechanical standpoints the FCR tendon, particularly if doubled, is able to optimally replace the Achilles tendon. Its mechanical strength and the ability to glide in its physiological sheet seem to give FCR several advantages over other autologous or homologous options. ALT flap with fascia lata is probably the most popular option reported in the recent literature and it may be a reliable alternative. However, a fascia, even when rolled in a tubular shape, is unlikely to provide adequate strength and gliding ability. In addition, the insertion of a fascia into the calcaneous bone cannot be as reliable as in case of transosseous rerouting of FCR tendon, as previously described.
In our series of six patients a minimum FU of 12 months is reported, focusing on the recovery of ROM and gait alterations compared to the contralateral side. The results of the ATRS showed a good functionality of the Achilles tendon, although the persistence of a slight difference between the injured and uninjured limbs prevented patients from jumping and to performing fast run.
No significant difference of the passive ankle dorsiflexion between limbs, in agreement with other authors, 30, 31 was observed and the average difference between the two limbs in basic time-distance was present but not significant. The recorded duration of the stance phase, the time to heel off, and the step length were compatible with a physiological gait in both limbs. We believe that the functional recovery of the gait symmetry between limbs after surgery may show the effectiveness of the proposed surgical technique. All patients did not follow specific exercises but walked according to tolerance gradually resuming normal physical activities.
The present report has some limitations: first of all, the limited number of patients and a poor statistical power. No randomization was performed for the biomechanical evaluation. The use of a pedobarography as the only assessment of gait is certainly restrictive. However, it may represent a basic proposal for the biomechanical study of a reconstructive surgical technique of the 
